Herpesvirus saimiri has been shown to possess a thymidylate synthase (TS) gene that is unusual in its transcriptional regulation. Although TS is believed to be required for viral DNA synthesis, the TS-specffic 2.5-kb mRNA was found most abundantly during the late phases of asynchronous virus replication in permissive cultures. To study the kinetics of gene activation, the TS promoter and regulatory sequences were cloned upstream of the chloramphenicol acetyltransferase (CAT) gene. No CAT expression or transcripts were found after transfection of fusion genes into permissive owl monkey kidney (OMK) cells. However, the promoter was strongly activated when CAT plasmids were cotransfected with intact herpesvirus saimiri virion DNA or were transferred to OMK cells that were lytically infected with herpesvirus saimiri or a related herpesvirus, herpesvirus ateles. CAT was expressed at reduced levels in cultures when viral DNA replication was inhibited by phosphonoacetic acid; this indicates that the gene is activated during the delayed-early phase. However, the highest amounts of mRNA were present in the late period of replication. Deletion analyses localized essential response elements for trans activation in the promoter upstream region between nucleotides -311 and -56; they consisted of related tandem repeats and perfect palindromes. A sequence with two overlapping palindromes of 16 and 18 bp was found to be a major target for activation of the herpesvirus saimiri TS promoter. These palindromes did not have any significant homologies with known sequences of herpesviruses or cellular DNA; the 18-bp palindrome had, however, a certain structural similarity with a conserved sequence of the E2-responsive cis sequence that is required for transcription regulation of early papillomavirus genes.
Herpesvirus saimiri has been shown to possess a thymidylate synthase (TS) gene that is unusual in its transcriptional regulation. Although TS is believed to be required for viral DNA synthesis, the TS-specffic 2.5-kb mRNA was found most abundantly during the late phases of asynchronous virus replication in permissive cultures. To study the kinetics of gene activation, the TS promoter and regulatory sequences were cloned upstream of the chloramphenicol acetyltransferase (CAT) gene. No CAT expression or transcripts were found after transfection of fusion genes into permissive owl monkey kidney (OMK) cells. However, the promoter was strongly activated when CAT plasmids were cotransfected with intact herpesvirus saimiri virion DNA or were transferred to OMK cells that were lytically infected with herpesvirus saimiri or a related herpesvirus, herpesvirus ateles. CAT was expressed at reduced levels in cultures when viral DNA replication was inhibited by phosphonoacetic acid; this indicates that the gene is activated during the delayed-early phase. However, the highest amounts of mRNA were present in the late period of replication. Deletion analyses localized essential response elements for trans activation in the promoter upstream region between nucleotides -311 and -56; they consisted of related tandem repeats and perfect palindromes. A sequence with two overlapping palindromes of 16 and 18 bp was found to be a major target for activation of the herpesvirus saimiri TS promoter. These palindromes did not have any significant homologies with known sequences of herpesviruses or cellular DNA; the 18-bp palindrome had, however, a certain structural similarity with a conserved sequence of the E2-responsive cis sequence that is required for transcription regulation of early papillomavirus genes.
Herpesvirus saimiri, a virus of squirrel monkeys (Saimiri sciureus) that belongs to the gamma 2 subgroup of herpesviruses, induces malignant lymphoproliferative diseases in various New World primates and is capable of transforming T lymphocytes in vitro. Tumor cell lines and in vitrotransformed cells contain multiple copies of the viral genome in episomal form (29, 56, 65) . Besides a characteristic set of five small nuclear RNAs (32, 43, 64) , a single polyadenylated viral 2.5-kb transcript was found in transformed cells (30) that could be mapped to the right half of the KpnI D fragment of herpesvirus saimiri strain 11 protein-coding DNA (L-DNA) (5) . The open reading frame of this mRNA codes for a polypeptide of 33.5 kDa that has extensive sequence homology with the thymidylate synthase (TS; 5,10-methylenetetrahydrofolate:dUMP C-methyl-transferase; EC 2.1.1.45) (5) coding sequences of various bacteria and eucaryotic cells. The viral TS gene product was shown to act as a functional enzyme (26) . TS genes were also detected in herpesvirus ateles, a related tumor virus of the gammaherpesvirus subgroup (53) and in the human varicellazoster virus (VZV) (63) ; however, no TS activity has been found among other herpesviruses.
The structure and regulation of the herpesvirus saimiri TS gene are unusual in many regards. The mRNA has a long leader sequence of 1,207 nucleotides (nt) with 22 ATG codons, each followed by a translational stop signal. Upstream reading frames are generally assumed to downregulate gene expression (42, 50) . The gene appeared to be weakly transcribed in permissive owl monkey kidney (OMK) cell cultures when protein synthesis was blocked with cycloheximide prior to virus infection (4) . The same * Corresponding author. type of mRNA was most abundantly found late in replication of herpesvirus saimiri or herpesvirus ateles (5, 53) . Because of the asynchronous replication of the viruses in OMK cells and in all other known permissive systems (49) , it remained unclear whether the remarkably late TS mRNA accumulation is the consequence of unusual stability of the mRNA or a reflection of the strength of the TS promoter. Here we describe the regulation of the herpesvirus saimiri TS gene that is increasingly expressed from delayed-early to late times of virus infection and identify a genomic upstream region with a tripartite palindrome as a response element for activation in trans.
MATERIALS AND METHODS
Virus and cell culture. The OMK cell line 637 (12) was used for propagation of herpesvirus saimiri strains 11 (17) , SMHI (38) , OMI (28), S295C (39), 484-77 and 488-77 (15) , and attenuated strain S4 (14) and herpesvirus ateles strain 810 (40) by standard procedures. Transfection with intact herpesvirus saimiri virion DNA was done as described before (19, 22) , followed by a 20% (wt/vol) glycerol shock. Phosphonoacetic acid (PAA; ICN Pharmaceuticals, Inc., Life Sciences Group, Plainview, N.Y.) was used to inhibit viral DNA replication at a final concentration of 200 to 400 p.g/ml; it was added at the time of virus infection or transfection of virion DNA (24, 45) . Virus particles were purified from infected cell cultures by velocity sedimentation in sucrose gradients (20) .
Plasmid cloning, oligonucleotide synthesis, and sequencing. Cloning of DNA fragments was done by standard protocols (35) . A 786-bp HindIII fragment containing the entire TS promoter (5) (25) . The deletion (,AA) was made by digestion of pSVOCAT786 with Asp718, followed by digestion of the cohesive ends with mung bean nuclease and religation.
Oligonucleotides were polymerized by the phosphoramidite procedure with a Cyclone DNA synthesizer (Biosearch, San Rafael, Calif.) and purified by polyacrylamide gel electrophoresis and ion-exchange chromatography through DEAE-Sephdex G-25 columns (Pharmacia, Uppsala, Sweden). The oligonucleotides were hybridized to create double-stranded palindromes and ligated into the SmaI site of plasmid pUC18. Sequences of cloned oligonucleotides and of all deletion mutants were determined by double-stranded DNA sequencing by standard methods (55) .
DNA transfection and CAT assays. All transfection experiments were carried out by the calcium phosphate precipitation method with approximately 80% subconfluent monolayers of OMK cells (22 (10) . Nuclease S1 protection assays were performed to determine the transcription initiation site of the TS promoter in CAT fusion genes (3) . CAT transcripts were quantitated by RNase protection assays. Total cellular RNA of transfected OMK cells was isolated (11) , and the RNA was analyzed for CAT-specific transcripts with an RNA probe generated by T7 RNA polymerase. Labeled RNA was synthesized by using plasmid pRR61 (58) 
RESULTS
Virus-specific activation and temporal regulation of TS transcription. To determine whether transcription of the herpesvirus saimiri TS gene is constitutive or regulated by viral proteins, a TS-CAT fusion gene was constructed by placing the 786-bp Hindlll fragment with the TS promoter into the HindIll cleavage site of the promoter-negative plasmid pSVOCAT (21) . The resulting plasmid, pSVOCAT786 ( Fig.  1) , was transfected into uninfected OMK cells and into cultures that had been infected with herpesvirus saimiri or herpesvirus ateles the previous day. The fusion gene appeared to be strongly activated within 2 or 3 days in all virus-infected cultures, while no measurable CAT conversion was seen in mock-infected OMK cells (Fig. 2) . Virusspecific activation was seen with herpesvirus saimiri strains of all known subgroups, including strains 11 and OMI (subgroup A) (17, 28) , strain SMHI (subgroup B) (38, 62) , strains 484-77 and 488-77 (subgroup C) (15) , and the nononcogenic variant S4 (14) . The same patterns of virus-specific trans activation of the herpesvirus saimiri TS promoter were seen with the monkey kidney cell lines CV1 and COS and when HeLa cells were used (data not shown).
It had been shown previously for herpes simplex virus type 1 (HSV-1) that a structural protein stimulates immediate-early (IE) gene expression (2, 47, 48) ; thus, UV-inactivated herpesvirus saimiri was added to OMK cell cultures prior to transfection of pSVOCAT786. trans activation decreased with decreasing titers of infectious virus, confirming that the activity of the TS-CAT fusion gene depends on virus replication (data not shown). When intact virion DNA was cotransfected with the TS-CAT fusion gene, the TS promoter was fully stimulated. Nuclease Si analysis showed that the TS promoter was correctly used after transient expression. There was only one initiation site of transcription at nt 641 in the 786-bp TS promoter construct, confirming earlier primer extension studies (5) (data not shown).
Studying the kinetics of herpesvirus saimiri transcription and protein synthesis has been difficult because a multiplicity of infection of .1 was difficult to obtain; the start of replication in the most-permissive cells has always remained asynchronous (49) . Thus, lytic infection of all cells is reached only after several replication cycles, when all stages of gene expression may be present at the same time.
To analyze TS regulation during a defined early phase, we transferred infectious virion DNA to OMK cells in the presence of 200 to 400 ,ug of PAA per ml for 2 or 3 days.
There was no difference when 200 or 400 ,ug/ml was used. To study late replication, OMK cells were transfected with virion DNA and incubated without PAA for the same time period. Early and late conditions were checked by Northern (RNA) blot analyses of the known late gene which encodes the 143-kDa matrix protein of herpesvirus saimiri (8) . Progeny herpesvirus saimiri were not expected to be synthesized within 3 days because the culture supernatant was free of infectious virus and no cytopathic changes were observed.
Cotransfection of the TS promoter-CAT fusion gene with virion DNA resulted in significant activation in the presence of PAA. Even higher enzyme activities were reached when replication proceeded to the late phase ( Fig. 3 and 4) . RNase I protection assays indicated that CAT activity and the amount of transcripts from pSVOCAT786 correlated (data 10 (21) . not shown). This indicated that, as may be expected for an enzyme of nucleotide synthesis, TS gene expression commences before DNA replication; however, the TS mRNA appeared to accumulate to the highest concentrations in the late phase of replication.
Regulatory region upstream of the TS promoter. To define the promoter and regulator sequences necessary for activation by herpesvirus saimiri gene products, a series of deletion mutants were constructed by restriction enzyme digestions and by progressive shortening with exonucleases III or Bal3l (Fig. 5) . The resulting fusion genes were tested for transient CAT expression in lytically infected cells.
Deletions upstream of nt -291 did not appreciably decrease trans activation; they showed a moderately silencing effect when they were preserved in the cis position. CAT activity with mutants Al and A2, lacking these sequences, was increased compared with activity with the wild-type plasmid pSVOCAT786. CAT activity was increased 138-fold with plasmid pSVOCAT786, 191-fold with mutant Al, and 180.5-fold with A2 in infected cells compared with the activity of pSVOCAT786 in uninfected cells (Table 1) . This upstream region (nt -346 to -641), which contains an imperfect 30-bp palindrome (nt -467 to -499), had a slight inhibitory influence when it was fused with the promoters of the human cytomegalovirus (HCMV) major IE, HSV-1 thymidine kinase (tk), or simian virus 40 (SV40) early T antigen gene (data not shown).
The major target sequences for activation of the herpesvirus saimiri TS gene were localized downstream of nt -311 (Fig. 5, Table 1 ). When sequences between nt -311 and -56 were deleted, as in mutants A5 and Asp3/4, TS promoter activity was drastically reduced in lytically infected cells. When the transcription initiation site was cut out, CAT expression was abolished. Table 1 and Fig. 6 show the kinetics of CAT assays from all promoter mutants. Activation of pSVOCAT786 in virus-infected cells was compared with that in uninfected OMK cells. The XbaI-NheI fragment, which contains important transactivator sequences of the herpesvirus saimiri TS promoter, did not confer this activity on four heterologous genes, the HCMV major IE, SV40 early, or HSV-1 tk gene or the human T-cell leukemia virus type 2 long terminal repeat (data not shown).
The levels of CAT mRNA were measured by RNase protection with approximately equimolar amounts of expression plasmid and an excess of radioactive RNA probe. This was to confirm that enzyme activities were a measure of the steady-state levels of CAT-specific RNA (Fig. 7) . The amount of protected RNA was proportional to the CAT activities ( Palindromic regulatory element. The nucleotide sequence containing the essential response elements for trans activation of the herpesvirus saimiri TS promoter is shown in Fig.  8 . A canonical binding site for transcription factor AP-1 was located at nt -158 to -150 (6, 7, 33, 41, 51) . The same sequence element was found in the herpesvirus ateles TS upstream region at an equivalent position. A remarkable AT cluster of 34 bp was positioned between nt -230 and -264. Most striking were three perfect symmetrical palindromes of 16, 18, and 24 bp. The palindromes of 16 and 18 bp were overlapping, forming a tripartite structure and resulting in a 10-bp tandem repetition (Fig. 8) . One half of the related 24-bp palindrome was repeated twice, yielding a threefold 10-bp tandem reiteration.
Partial destruction of the tripartite complex of two overlapping 16-and 18-bp palindromes resulted in more than 60% loss of activity upon transfection into herpesvirus saimiritransfected OMK cells ( target sequence for virus-specific trans activation, although other elements must exist that confer inducibility by viral proteins.
Another approach to defining the functional relevance of the 16-and 18-bp palindromes was done by competition Table 1. excess resulted in 50% reduction of CAT expression (Fig. 9) . Parallel experiments with the 24-bp and 30-bp palindromes showed no reduction in CAT activity. Cotransfection with plasmid pSVOCAT786 and pUC18 as a control showed that the reduction was not the result of nonspecific competition by the addition of excessive amounts of DNA. It seems that trans-acting proteins may be sequestered by an excess of an oligonucleotide with specific binding properties.
Computer searches did not hint at any homology of the herpesvirus saimiri TS promoter palindromes to sequences in the other herpesviruses with known primary structure (HSV-1, VZV, Epstein-Barr virus [EBV], and HCMV) or to known cellular transcription factor binding sites. However, a similarity was found to a sequence in the noncoding region of papillomaviruses. The 18-bp palindrome resembled the consensus sequences ACCGN4CGGT and ACCN6GGT (23, 57) in its flanking sequences. However, the spacing was different and resulted in ACCGN6CGGT. The palindromes in papillomaviruses are the binding sites for the early proteins of E2. These are transcriptional activators or, as fragments, inhibitors that are important in the regulation of papillomavirus gene expression (36, 59 phosphoprotein (pp65) of HCMV, in which lower levels of transcripts are expressed prior to DNA replication, but high amounts of mRNA are formed in the late phase after the onset of viral DNA replication (13) . Determination of the kinetics of herpesvirus saimiri gene expression has always been hampered by asynchronous virus replication (49) (Fig. 8) Sequence motifs with perfect dyad symmetry that control gene expression in cis have been found in bacterial and, in some cases, eucaryotic genes, for example, the 14-bp consensus sequence of Drosophila heat shock genes (46) and the various cyclic AMP response elements (18) . As far as it is known, each half site of a dyad element is the binding site for a monomer of the respective dimeric proteins (27) . In the case of the tripartite palindromic structure of the herpesvirus saimiri TS gene, in which two perfect dyad symmetries overlap, a model may be drawn in which two different dimeric proteins, activator or repressor, can interfere with each other in DNA binding. The 18-bp palindrome (ACCGN6CGGT) has homologies to the consensus sequences ACCGN4CGGT and ACCN6GGT, which are the binding sites for the early transactivator protein E2 in the noncoding regions of all papillomavirus genomes that have been sequenced to date.
A few examples of sequence-specific DNA binding by virus-coded proteins are known. A nuclear antigen of EBV, EBV nuclear antigen 1 (EBNA-1), binds to a dyad symmetry element in the origin of plasmid replication (ori-P) (52, 61 (1, 34) . They bind nuclear factor III and are a target for the transcriptionactivating HSV-1 virion component ox-TIF (37 
